We studied the patency of saphenous vein aortocoronary bypass grafts in nonconsecutive and consecutive subgroups of our first 600 patients. The patency rates were 87-93% within 1 month and 74-85% approximately 1 year after surgery. The attrition rate of grafts averaged 2.2% per year between I and 6 years. Early occlusion was due to thrombosis; occlusion at 1 year was caused by fibrous intimal proliferation of grafts, which also led to variable reduction in caliber and to significant (> 50%) segmental stenoses in 5-15% of patent grafts. The most important determinant of graft patency at 1 year was the runoff capacity of the recipient arteries, followed by the quality of the surgical techniques. Late occlusion was related to atherosclerosis that became manifest only after at least 2 years.
EARLY AND LATE CHANGES in saphenous vein aortocoronary bypass grafts1-27 and in the native coronary arteries25837 have been documented in many reports. Repeat selective coronary arteriography and graft opacification at different time intervals after surgery have provided valuable information. These data helped to improve patient selection and surgical techniques, as well as clarify the long-term results of bypass surgery. Much of this information was obtained in patients who had persistent or recurrent symptoms after surgery. Less frequently, these changes were evaluated in studies of consecutive patients early and late after surgery.
Although the mechanisms of these changes, especially those in saphenous vein grafts, are not clearly understood, much has been learned by comparing the angiographic data with repeated clinical observations, pathologic examination of graft specimens recovered at autopsy or at reoperation, and from recent experimental data.
We studied nearly consecutive patients who underwent repeat coronary arteriography and graft opacification early (less than 1 month) and late (approximately 1 and 6 years) after operation. We evaluated the incidence and severity of changes in grafts and in the coronary arteries, reviewed factors that may be responsible for these changes, and correlated these angiographic findings with continued relief of angina and late survival.
Material and Methods
This report deals with the first 600 patients who underwent coronary artery bypass surgery at our institution before April 1, 1973 . This study was initiated as a prospective evaluation of the early and late changes in grafts and native coronary arteries after surgery. The patients were asked to undergo repeat angiography within 1 month and approximately 1 year (range 6-18 months) after surgery. Consecutive subsets of these patients were also invited to undergo repeat angiography at 3 years (range 30-42 months) or 6 years (range 5-7 years) after surgery. The usual reasons for exclusion from repeat studies included death before restudy, refusal by the patient or his physician, considered unjustified for medical reasons (e.g., severe peripheral or cerebral vascular disease), occluded grafts at the preceding examination, and reoperation or restudy before the time interval of the study.
Four hundred patients were studied less than 1 month after surgery. Included in this early evaluation were 194 patients (298 grafts) among the first 300 cases and 206 patients (423 grafts) among the last 300 cases (table 1) . Of these, 237 patients were restudied approximately 1 year after surgery: 124 (183 grafts) among the first 300 cases and 113 (212 grafts) among the last 300 cases. Most of these evaluations were carried out in consecutive patients: 104 of the 124 in the first 300 cases and 96 of the 113 in the last 300 cases. In the other 37 patients, the 1-year restudy was motivated by the persistence or recurrence of symp- toms. A subgroup of 69 patients (105 grafts) recruited from the first 300 cases was studied three times: less than 1 month and approximately 1 and 3 years after surgery. Finally, 108 patients (201 grafts) recruited from both series among those who had been restudied early and at 1 year were also evaluated three times: within 1 month and approximately 1 and 6 years after surgery (table 1) . Selective coronary arteriography and graft opacification were performed by a percutaneous transfemoral approach using preformed polyethylene catheters as previously described. 38 The same technique and the same projections were used for the baseline and follow-up angiograms. 37 The coronary arteries were divided into 16 segments. Each major artery had five segments and the left main coronary artery had one segment. Changes in the saphenous vein grafts early and late after operation and the influence of grafts on disease progression in coronary segments proximal to, at the site of and distal to the anastomosis were also evaluated.
Only films of good quality were retained for analysis. The films were read by at least two angiographers working together to reach a consensus. Obstructions of the coronary arteries and grafts were defined as the linear percentage of narrowing of the diameter of the vessel compared with the diameter of the nearest normal segment. The estimated percentage of obstruction was derived from the angiographic view that showed the greatest reduction in diameter. Significant progression of obstructive disease was defined as any progression to total occlusion; a change of at least 20% in a preexisting stenosis . 50% or a change of at least 30% in a stenosis . 20% but < 50%; or a change of at least 50% for normal segments.
The surgical techniques used during the period of this study and the modifications in the preparation of the saphenous vein and in grafting procedures introduced during this study have been described.89
Results

Changes in Grafts
Overall Patency Rate Figure 1 shows the results of consecutive angiographic evaluations of grafts among the first and last 300 cases. Patency rates less than 1 month after surgery were 93% and 92%, respectively, in consecutive patients. Thus, early graft patency did not appear to be influenced by modifications in surgical techniques between the first and second series. However, the 1year patency rate increased from 74% in the first 300 cases to 84% in the last 300 cases (p < 0.001), presumably related to improved surgical techniques.
The cumulative patency rate of grafts less than 1 month after surgery was 87%; it was 79% at 1 year and 78% at 3 years after surgery ( fig. 2 ). Thus, patency rate less than 1 month after surgery was slightly but not significantly lower (87% vs 93%) when the patients restudied because of symptoms were added to the consecutive patients. The average 1-year patency rate was similar in patients of both series (the first and last 300 cases) (80% vs 79%, respectively) when only consecutive patients or when consecutive and symptomatic patients were compared. Few grafts became occluded between 1 and 3 years after surgery ( fig. 2 ). Of 86 grafts patent at 1 year, only four became occluded between 1 and 3 years, an attrition rate of 2.5% per year during this period.
Graft Changes Within I Month after Surgery
In addition to the graft occlusions during the first month after surgery, stenoses > 50% were often observed at the site of the anastomosis between the patent graft and the recipient artery. These stenoses were present in 25 of 183 grafts in the first 300 patients and 11 of 212 grafts in the last 300 cases, an incidence of 14% and 5%, respectively. The significantly lower incidence in the second series (p < 0.05) was related to improvements in surgical technique. Pathologic examination of patients who died or underwent reoperation within I month after surgery showed that graft thrombosis was almost always responsible for early graft occlusion.
Graft Changes Between I Month and I Year after Surgery
In addition to the graft occlusions 1 month to 1 year after surgery, more than 70% of the grafts patent at 1 year showed an angiographically detectable (> 10%) diffuse reduction in caliber. This reduction varied from 10% to 80% (average 30%), compared with the initial diameter of the graft less than 1 month after surgery. Moreover, 5-10% of the grafts showed at least a 50% segmental luminal stenosis.
Histologic and electron microscopic examination showed that these graft occlusions, diffuse narrowings and segmental stenoses were associated with intimal proliferation of smooth muscle cells and usually fibroblasts, with additional fibrosis of the media and adventitia. All grafts in place for more than I month showed a variable degree of intimal proliferation.
Graft Changes 1-6 Years after Surgery
Between I and 6 years after surgery, 17 of 159 grafts became occluded, an attrition rate of 11% over 5 10 Less than 1 month Approx. (table 2) . The occlusion rate at 6 years was not higher in grafts with diffuse narrowings at 1 year, but was significantly higher in grafts with stenoses reducing the lumen by at least 50% (50% vs 11%, p < 0.05) (table 3) . Of the 159 grafts, 14 (9%) developed localized stenoses after the 1-year evaluation. Multiple stenoses were observed in five grafts. One patient had two grafts with such stenoses and four other patients had another graft without significant change. The appearance of these late stenoses suggested atherosclerotic lesions. The histology of graft specimens from patients operated on after this angiographic evaluation showed evidence of atherosclerosis. Among 32 patients in whom graft specimens were examined at autopsy or reoperation, histologic evidence of atherosclerosis was not seen less than 24 months after surgery, but was definitely present in 42% of the cases after 24 months (table 4) .
Changes in the Native Coronary Circulation
Grafted Coronary Arteries
There was marked progression of disease in the proximal portion of grafted arteries during the first year after surgery. Preexisting stenoses progressed in 57% of proximal arteries with patent grafts (table 5) .
Approximately 75% of these changes were new total occlusions. Therefore, relatively little additional progression of disease was expected to occur beyond the first year. In fact, 5 years later, the rate of progression in obstructive disease increased only slightly, to 66%, in the proximal segments of these arteries with patent grafts. Similar results were noted in the proximal segments of coronary arteries with occluded grafts (table 5). Progression of disease occurred in 53% of preexisting stenoses at 1 year. Eighty percent of these changes were new total occlusions, and little additional progression of disease occurred between i and 6 years.
There was progression of disease at the site of graft (table 6) .
Only five arteries (2%) distal to bypass grafts showed significant progression of obstructive disease (table 6) . Preexisting stenoses increased in two instances and new lesions occurred in three instances. Nongrafted Coronary Arteries There was a marked difference in progression of disease 1 year after bypass surgery in ungrafted compared with grafted coronary arteries (table 5). During the first year after surgery, only 10% of the preexisting stenoses in ungrafted arteries showed significant progression of obstructive disease. None of the 25 normal vessels developed new lesions > 50%. Thus, only 7% of all arterial segments showed progression of disease. However, natural progression of obstructive disease in nongrafted arteries was important between and 6 years. Progression of preexisting stenoses increased from 10% to 46% (table 5) and new stenoses with > 50% reduction increased from 0% to 23%. Overall progression of nongrafted arteries 6 years after bypass grafting was 41%, compared with 7% at I year.
Clinical-Angiographic Correlations
ReliefofA ngina Table 7 shows the course of effort angina 1-6 years after surgery in 75 patients who underwent consecutive angiographic evaluations. At year, 61 patients (81%) were asymptomatic or had improved by more than one functional class (Canadian Cardiovascular Society classification). At 6 years, only 43 (57%) remained improved in a similar fashion. This represents an attrition rate of angina of 24% over 5 years, Figure 3 shows a subgroup of 61 of the 75 patients who showed changes in the grafts or in the coronary arteries at 6 years. When changes in grafts occurred, three-fourths of the patients had a deterioration of angina. When changes in the coronary arteries had occurred, two-thirds of the patients were worse. When both changes were present, two-thirds of the patients showed a deterioration of symptoms.
Late Survival
Likewise, there was a close correlation between graft patency and late survival: 94% of the patients were alive at 6 years when all grafts were patent, compared with 70% when all grafts were occluded (p < 0.01). When surgical correction was optimal, 98% were alive 6 years after surgery, compared with 70% without correction (p < 0.01) (table 8).
Discussion
Coronary artery bypass graft patency rates of 65-96% at mean intervals of a few months to 5 years after surgery have been reported. 3 12 Differences in the type of grafts, the recipient arteries and the quality of surgery may account for some of the discrepancies. However, a more likely explanation for these variations may be the method of study, especially the inclusion or exclusion of patients studied because of persistent or recurrent symptoms and the wide range in the intervals between surgery and the angiographic evaluations. Our data suggest that patency rates of grafts early and 1 year after surgery are not significantly different in patients evaluated as part of a routine follow-up or in a combination of consecutive patients and of patients restudied because of symptoms. On the other hand, at similar intervals after surgery, results comparable to ours have been reported,7 12, 18 but usually for shorter periods of observation.
Thus, attrition rates within 1 month after surgery vary from 7% to 12%, depending on the quality of the surgical techniques. There is an additional failure rate of approximately 10% between the end of the first *Twenty-five vessels were normal pre-and postoperatively. tTwenty-six vessels were normal preoperatively and six remained normal postoperatively. month and the end of the first year after surgery. Between 1 and 6 years, the attrition rate of aortocoronary saphenous vein grafts is approximately 2% per year. Patency rates of 75% or more can now be expected 5 years after surgery. These patency rates are similar to those reported for femoropopliteal bypass grafts.4042 Because multiple grafts are usually required for optimal revascularization, a persistent surgical benefit at 5 years can be expected in a high proportion of patients. In our most recent series, 95% of patients had at least one patent graft 1 year after surgery. '5' 21 Graft Changes at Different Intervals after Surgery Structural changes occurring in grafts at different time intervals after surgery have been well documented. [43] [44] [45] Graft Thrombosis Less Than 1 Month after Surgery Graft occlusions within I month after surgery were due to thrombosis. Electron microscopic examination showed endothelial damage in patent graft of patients who died during this period. '3 In experimental studies, the changes during the first few weeks after surgery include endothelial cell damage, fibrin deposition, subendothelial edema and inflammatory infiltration of the wall of the vein.44 4' Endothelial cells are sloughed, but reendothelialization occurs in all grafts. These changes appear to be secondary to ischemia and to in- creased intravascular pressure.4 How thrombosis is induced in some grafts is not clear.
Intimal Fibrous Proliferation 1 Month to 1 Year after Surgery
Histologic studies in man23 [25] [26] [27] 4 and animals45 have shown that all aortocoronary saphenous vein grafts show a variable degree of intimal fibrous proliferation 1 month after surgery. The intima is markedly thickened by dense fibrous tissue and the media and adventitia are also thickened. Ultrastructural study of the intimal lesions shows proliferation of smooth muscle cells and fibroblasts.43 This has been called "arterialization," but this is an inappropriate term because the saphenous vein retains its histologic structure. '3 In man and in experimental animals,43 '5 intimal proliferation and fibrosis progress at varying rates and locations. In the early phase, the process has an uneven and patchy distribution, but then tends to become circumferential and diffuse. In some cases, it causes narrowing and occlusion of the grafts. Usually, it appears to be a self-limiting process that stabilizes after the first postoperative year. '3 The mechanisms of intimal proliferation are unclear, but the process may represent a reactive or reparative response to ischemia and to hemodynamic stresses."' 48 Whether fibrous proliferation can be modified or prevented is not known. In many instances, a moderate reduction of the internal diameter of grafts may be beneficial, as it can promote a greater velocity of flow. The reduction is frequently proportional to the initial diameter of the saphenous vein and Graft Atherosclerosis 1 to 6 Years After Surgery Atherosclerosis appears to be responsible for graft occlusions and graft stenoses that occur late after surgery. Evidence of overt atherosclerosis, consisting of ulcerated plaques, cholesterol clefts and focal hemorrhage, was not present in our patients less than 24 months after surgery, but was present in 42% of the patients more than 24 months after surgery. Similar findings have been reported by other investigators.25-27 Between 1 and 6 years after surgery, 14 of 159 grafts (9%) developed localized stenoses suggestive of atherosclerotic lesions at angiography.'5 21 The role of serum lipids and other risk factors in the development of these atherosclerotic lesions appears controversial.2' " Several investigators have reported a close correlation between hyperlipidemia and the appearance of atherosclerosis in the grafts. 26 We have not found this correlation.2 Factors Related to the Surgical Techniques Some workers have suggested that patency rates reflect the quality of surgical techniques.'5' 89Although patency rates were not significantly different within 1 month after surgery, the patency rates at 1 year were significantly higher in our second than in our first series of patients (74% vs 85%). These two series differed with respect to surgical techniques and the skill of the surgeons. Stenoses greater than 50% at the site of anastomosis between the graft and the recipient artery decreased from 15% to 5% between our first and second series." We considered this complication to be related to faulty surgical techniques or to the selection of a coronary artery that had an excessively small diameter. It was probably responsible for graft occlusion at 1 year in 33% of the grafts in our patients. 4 6 Therefore, refinements in techniques have reduced the incidence of this early complication and presumably have increased the 1-year patency rates of grafts. The 1-year patency rates were approximately 90% in both series of grafts having flows of at least 50 ml/min.21 Therefore, increased patency in the second series was due to the lower attrition rate of grafts that had flows less than 50 ml/min, and improvement in this group was presumably related to better surgical techniques. Recent experimental data47-4 do not suggest that avoidance of ischemia, mechanical distention and sharp angulation of the graft with the recipient coronary artery played an important role on the incidence of late graft occlusion.
Changes in the Coronary Arteries After Surgery
Progression at the site of the preoperative stenosis on the segment proximal to the graft was accelerated in more than 50% of arteries with patent or occluded grafts during the first year after surgery. During the same period, progression occurred in only 10% of preexisting stenoses in the proximal segment of ungrafted coronary arteries. This rapid progression in the grafted arteries is due to a marked decrease in flow across the obstruction, and the rate of progression is closely related to the degree of preexisting narrowing. This progression to total occlusion is of no or little hemodynamic consequence when the graft remains patent and perfuses the coronary artery segment distal to the graft. In the few instances where the graft also becomes occluded, distal perfusion may be compromised and must depend primarily on reopening or formation of collaterals.
Progression of disease at and distal to the site of graft anastomosis was infrequent 6 years after surgery. Progression at the site of graft anastomosis was observed in 8% of the cases over 5 years, but only five arteries (2.4%) distal to the bypass graft showed significant progression of disease. This low incidence of new obstructions indicates that atherosclerosis does not develop at a faster rate when normal pressures and blood flow are reestablished in the distal segment of a bypassed coronary artery. and ungrafted arteries at 6 years. These data suggest that previous concern over the consequences of graftinduced occlusion of the coronary arteries after surgery may have been excessive.
Correlations with Clinical Status After Surgery
Deterioration of effort angina has been reported at rates of 5-20% per year between 1 and 3-7 years after surgery.50,'1 The most logical explanations for this loss of improvement are progression of disease in the coronary arteries and changes in the vein grafts. Effort angina recurred or increased in severity in 24% of our patients 1-6 years after surgery, an attrition rate of approximately 5% per year. As expected, changes in the grafts or progression of coronary disease in ungrafted arteries occurred in two-thirds of these patients. Likewise, late survival was closely related to the fate of the grafts and to the degree of surgical correction of the lesions 6 years after surgery.50 Survival at 6 years was 94% in patients in whom all grafts were patent and 98% in patients in whom an optimal correction had been achieved 1 year after surgery, but was only 70% in patients without patent grafts and, therefore, without any surgical correction.
